Meningiomas are one of the most common adult brain tumors. For most patients, surgical excision is curative. However, up to 20% recur. Currently, the molecular determinants predicting recurrence and malignant transformation are lacking. We performed retrospective global genetic and genomic analysis of 85 meningioma samples of various grades. Copy number alterations were assessed by 100K SNP arrays and correlated with gene expression, proliferation indices, and clinical outcome. In addition to chromosome 22q loss, which was detected in the majority of clinical samples, chromosome 6q and 14q loss was significantly more common in recurrent tumors and was associated with anaplastic histology. Five "classes" of meningiomas were detected by gene expression analysis that correlated with copy number alterations, recurrent status, and malignant histology. These classes more accurately identified recurrent tumors relative to Ki-67 index and extent of surgical resection, and highlight substantial expression heterogeneity between meningiomas. These data offer the most complete description of the genomic landscape of meningiomas and provide broad genomic information that may be used to further stratify meningioma patients into prognostic risk groups.
INTRODUCTION
Meningiomas are solid tumors of the central nervous system that originate from the arachnoidal cap cells, which cover the brain and spinal cord. Meningeal tumors represent 25 to 30% of all primary brain tumors with estimated annual incidence ranging between 4-6 per 100,000 individuals (29, 36) . The current World Health Organization classifications for meningiomas specify three grades in the following proportions: 80% are benign (Grade I), 15% are atypical (Grade II), and 5% are anaplastic (Grade III) (23) . Histologic grade and extent of surgical resection serve as the two most important prognostic variables (23) . Among WHO I meningiomas, 5% recur within 5 years of gross total resection, while 40% of WHO II meningiomas have recently been reported to recur within 5 years (29) .
The current standard of care for meningioma is surgical resection, and post-surgical radiation for anaplastic meningiomas and/or unresectable high grade recurrent tumors (17, 19) . Chemotherapy has been largely ineffective despite clinical trials involving Temozolomide (5), Hydroxyurea (16) , and RU-486 (35) . Limited prognostic tools for predicting relapse exist and for unresectable tumors no effective therapies exist. Genomic characterization of meningiomas may lead to improved prognostic markers and is an efficient route to improved understanding of the underlying causes which are a necessary step in the design of rational treatments. The applications of microsatellite, cytogenetic FISH, CGH, and aCGH methods have allowed numerous investigators to report deletions of various genetic regions in different grades of meningiomas. The most common genetic aberration of meningiomas is the monosomic loss of chromosome 22 which occurs in the majority of tumors (27) . However, a broad array of chromosome losses have been reported on 1p, 3q, 6q, 9p, 10q, 14q, 17p, 18p, 18q, and 22q (13) and are correlated with higher grades of meningiomas. The loss of 1p in particular has been suggested as a decisive step for meningioma progression (33) . At the gene level, the mutational profile of meningiomas has been dominated by reports of inactivating NF2 mutations which occur in 33% to 50% of monosomic 22 tumors (27) on the retained allele. 3% of meningiomas appear to harbor the identical mutation in exon 9 of INI1 (2) . Candidate tumor suppressor genes have been studied including DAL-1, BAM22, MN1, and LARGE, (29) , but no mutations identified (9, 14, 24, 25, 30) .
Meningioma classification is based on histologic criteria, and predicting which tumors may recur after surgery from those that do not remains difficult. Initial genomic characterizations of meningiomas have been performed which indicate heterogeneity of gene expression and substantial genomic aberrations (4, 36) . Because of the large heterogeneity between meningiomas, we have sought to generate a larger dataset to permit the identification of cryptic gene expression or chromosome aberration based groupings to further correlate findings between chromosomal loss patterns and gene expression. To accomplish this, we have generated the largest and most comprehensively analyzed meningioma dataset to date, which are made public to permit downstream multi-group meta-analyses to dissect meningiomas. In this process we note several novel features of the molecular landscape of meningiomas including chromosomal aberration correlates with sex of the affected, chromosomal loss hierarchies, the identification of gene expression based subgroups of meningioma, the delineation of meningioma over-expressed genes, and we apply the data to highlight candidate tumor suppressor genes. Further, the data are used to identify molecular gene expression correlates and chromosomal loss correlates of recurrence.
MATERIALS & METHODS

Tumor and Patient Clinical Characteristics
Tumor biopsies from 53 female and 32 male subjects with sporadic meningioma were identified from the UCLA Neuro-oncology Program Tissue Bank through institutional review board approved protocols. The 85 tumors were selected on the basis of sufficiently large tissue available for DNA and RNA extraction that yielded clean RNA and DNA. All available grade I, II, and III samples available within the UCLA brain tumor bank at the time of initiation were included. Time of survival, sex, age, recurrence, and positive mean Ki-67 levels were recorded (See Supplementary Information S1). Subject age at time of diagnosis ranged from 31 to 89 years. None of the patients had neurofibromatosis. Pathological assessment of WHO grading was determined clinically with the UCLA Neuropathology service. 57 tumors were designated "benign" WHO I, 20 tumors were "atypical" WHO II, and 8 were "anaplastic" WHO III.
SNP analysis
DNA extraction was performed from 10-20 mg of tumor pieces using the Gentra Puregene™ Tissue kit from Qiagen™ (Valencia, CA) according to the supplied protocol. 250 ng of genomic DNA was used for each of the microarray assays of the Affymetrix GeneChip® Human Mapping 100k Arrays. All assays were performed per the Affymetrix GeneChip® Mapping 100k Assay Manual using the resources of the UCLA DNA Microarray facility (http://microarray.genetics.ucla.edu/). All microarrays were scanned using the Affymetrix GeneChip® 3000 scanner. All images were manually examined to determine that none had surface defects and all had proper grid placement. Of 88 tumor sample hybridizations, 3 were removed from analysis due to low call rate. Raw probe intensity values in a .CEL format were generated for analysis using the Affymetrix GenoType (GTYPE) calling algorithm. All SNP .CEL files are available for retrieval from the Gene Expression Omnibus (Accession No. GSE16584).
Gene expression analysis
RNA was extracted from 20-50 mg tumor pieces using Qiagen™ (Valencia, CA) RNA easy mini kits per manufacturer's protocols. Of 85 total biopsies, 71 samples had a 28s/18s ratio of 1.0 to 2.0 with minimal evidence of degradation or contamination and were selected for gene expression analysis. The extracted total RNA was assessed for integrity using the 2100 Bioanalyzer by Agilent Technologies™ (Santa Clara, CA). 1µg of total RNA was used for single-round biotinylated probe synthesis using the Affymetrix Array Station device made by Caliper Life Sciences (Hopkinton, MA) by manufacturer's protocols. Labeled and sheared cRNA was manually applied to Affymetrix Human Genome U133 Plus 2.0 Arrays (Santa Clara, CA). All microarrays were scanned using the Affymetrix GeneChip® 3000 scanner. Images were manually examined to determine that none had surface defects and all had proper grid alignment. Of 71 tumor sample hybridizations, 3 were removed from analysis due to artificially high overall array brightness. Raw probe intensity values in a .CEL format were generated for analysis using the Affymetrix Gene Chip Operating System (GCOS). Generated .CEL files were deposited into the Celsius microarray database (6) (http://genome.ucla.edu/projects/Celsius), and this system was used to normalize relative to other microarrays of the same Affymetrix platform using RMA with default settings from the Bioconductor R library (8) , (3) . All expression .CEL files are available for retrieval from the Gene Expression Omnibus (Accession No. GSE16584).
In order to validate the presence of our gene expression based classifier, additional meningioma microarray samples available on the Affymetrix U133 Plus 2.0 platform were collected from GEO. 56 meningioma microarrays (grade I: n = 32, grade II: n = 20, grade III: n = 3, grade unknown: n = 1) were collected from GEO accession series GSE4780. Of these 56 microarrays, 46 were derived from primary meningiomas (grade I: n = 26, II: n = 19, III: n = 1, grade unknown: n = 1) and 9 were derived from recurrent meningiomas (grade I: n = 6, II: n = 1, and grade III: n = 2) (Supplementary Information S1). Finally, a set of 31 meningioma microarrays (grade unknown) were collected from GEO accession series GSE9438. All 31 of these microarrays were derived from primary meningioma tumors.
Copy number analysis
Copy number calls were generated using the Affymetrix GTYPE CNAT ver. 3.0 algorithm using default manufacturer recommended standard parameters. CNAT ver. 3.0 compared the tumor arrays against its proprietary embedded reference data file based on 100 normal reference individuals which produced copy number calls in resulting .CNT files (32) . .CNT files were also analyzed by BioDiscovery Nexus 3.0™ Professional edition (El Segundo, CA) for copy number and LOH analysis using default parameters to define and visualize chromosome gains or losses with the BioDiscovery "Rank Segmentation" algorithm (www.biodiscovery.com). All copy number analyses were referenced to Human Genome build 36.1. Evaluation of large-scale chromosomal loss events was performed by analyzing the frequency plot output from the Nexus "Rank Segmentation" algorithm visualization with the percent threshold of one group of tumors with aberrations set to at least 35% and t-test pvalue threshold set at 0.05 in the Nexus 3.0 software. The 100k SNP arrays have an average mean inter SNP distance of 23.6 kb and median inter SNP distance of 8.5 kb which can typically provide sub megabase resolution of chromosomal deletions. By default, five probes were required for a minimum call as published studies demonstrated that five consecutive SNPs on the 100k platform were required to call with 95% confidence (10) . This results in an average minimal deletion detection size of 120 kb on average throughout the genome. The default number of probes was duly required to exceed a "Rank Segmentation" significance threshold of 1.0×10 6 based on BioDiscovery's Nexus program. The minimum copy number/log 2 ratio change required for a call was 0.2. Supervised comparisons investigating chromosomal aberrations between the different meningioma grades or their 5 group membership was executed through selected pair-wise comparisons with the difference in percent between the two groups being compared set at 25% and the p-value set at 0.05. Significant regions of chromosomal losses defined by Nexus 3.0's Fisher's Exact test statistical comparison were subsequently tallied and computed for minimal overlap determination.
Expression analysis
Gene expression data were analyzed with DNA-Chip Analyzer (dChip) (www.dchip.org). Briefly, unsupervised clustering of samples and genes was performed on a filtered gene list. Filtering consisted of selecting those genes with Coefficient of Variation (CV) greater than 1.0 and with expression values greater than 20 in at least 20 percent or more of the total microarrays. This filtering generated a list of 1,747 probesets corresponding to 1,316 unique genes which defined 3 differentially expressed groups by unsupervised hierarchical agglomerative clustering. The meningiomas within the first two of three sample branches revealed highly cohesive and intense expression clusters, while the third cluster of samples contained tumors which exhibited an independent clustering signature with less intense but distinct expression across the 1,747 probesets. To identify the underlying genetic signature of this third sample cluster, we applied an ad hoc secondary filtering Coefficient of Variation greater than 0.8 to these samples and identified 3,237 probesets (2,299 genes) identifying three child subgroups within this third branch by supervised hierarchical agglomerative clustering. These methods identified a total of five gene expression subgroups based on distinct gene expression profiles. Analysis settings were set at default unless otherwise specified. Distances were set to be "Pre-calculated", and a "1-Correlation" distance metric was employed using "Centroid" as the linkage method. Expression data from samples which demonstrated chromosomal loss or retention over minimal loss regions according to Nexus 3.0 analyses were subsequently analyzed by dChip software using 2 group comparisons over the genomic areas of interest. Common losses observed only in a specific grade of tumors were determined, subsequently the expression of the genes within these regions were compared between tumors of matched grade with and without the deletion of the specified region. The identical analysis method was repeated for common losses observed only in grade III and grade II tumors, and finally repeated for common losses observed only in grade II and grade I tumors. "Lower expressing genes" were identified as those demonstrating greater than a 1.2 decrease in expression difference with ttest p-value thresholds ≤ 0.05 and FDR ≤ 10% after 100 permutations. Pearson correlation coefficients were calculated using chromosome retention/loss calls generated by Nexus 3.0 in conjunction with the expression values exported from dChip. Gene lists were tested for enriched functional and biological themes using the MetaCore pathway web application by GeneGO, Inc., (www.genego.com/). The most significant biological gene network themes were calculated by identifying node genes present from our differential expression analyses uploaded to Metacore pathway analysis. Returned network themes were rank ordered by their hypergeometric p-values calculated during output list production. The resulting data with significance values and enrichment ratios are included in file Supplementary Information S3.
Ki-67 labeling
Ki-67 expression was determined from examining 379 samples of human meningioma applied onto tissue microarrays from 125 cases of 106 patients. 72 cases were WHO grade I (Benign); 35 were grade II (Atypical); and 18 were grade III (Malignant -Anaplastic). Two duplicate arrays were stained for Ki-67. 370 of 379 spots were informative for the marker on both slides. There was good agreement across both slides (Pearson correlation = 0.93). Scores for both were averaged for analysis. Using the mean percent of positive nuclear Ki-67 staining, 18% of cases were totally negative. While 82% of cases were positive, most of these had very low, but detectable, staining. 18% had negative staining in all observed cells, 64% had staining between 0 and 1%, and 18% had Ki-67 staining in >1% of the tumor cells.
Comparison group data
A panel of U133A and U133 Plus 2.0 .CEL files were available within the Celsius database (6). These were collected using RNA from normal body tissues (n = 144: adult tissue n = 88, fetal tissue n = 14, adult brain n = 30, fetal brain n = 12), and other brain tumors (n = 454: medulloblastomas n = 5, schwannomas n = 5, ependymomas n = 3, grade II gliomas n = 16, pilocytic tumors n = 2, grade III gliomas n = 69 (AA n = 34, AMG n = 19, AO n = 16) , gliosarcomas n = 5, glioblastomas n = 284, meningiomas = n = 65) (Supplementary Information S5). These samples were selected as a comparison group to identify meningioma specific genes. All comparisons were performed on probesets shared between the U133A and U133 Plus 2.0 arrays for these analyses. Meningioma specific genes were stringently identified based on 10 fold or higher expression in the meningioma group relative to the comparison of all normal body tissues and other brain tumors with a pair-wise t-test p-value less than 0.01. False discovery rate (FDR) was estimated in dChip by permuting the sample names 100 times.
RESULTS
85 meningiomas were successfully analyzed using the Affymetrix Human Mapping 100k SNP arrays and 68 meningiomas were successfully hybridized independently onto U133 Plus 2.0 expression arrays. 65 meningiomas had data generated from both assays.
Chromosomal abnormalities are more common in higher grade meningiomas
The vast majority of chromosomal aberrations consisted of whole chromosome arm losses. Of the 85 tumors, 32% (27/85) had no observed chromosomal arm losses, and 68% (58/85) of these meningiomas revealed significant genomic abnormalities of one or more whole chromosomal arm losses. Consistent with previous descriptions, there was a strong association of increasing frequency of chromosomal losses with increasing histological grade ( Figure 1A ) (22) . Of grade I meningiomas, 44% had no evidence of any chromosomal arm loss while 56% (32/57) had at least one whole arm loss. Among the grade I tumors, 33% (19/57) had a single chromosome arm loss, 9% (5/57) had two losses, and 14% (8/57) had three losses or more. In contrast, only 10% of grade II meningiomas had no detectable losses (2/20) . Further, if a grade II tumor had a chromosomal loss (18/20) , all had more than one chromosomal arm loss: 25% (5/20) had two chromosomal arm losses while 65% (13/20) of the grade II tumors had three chromosomal arm losses or more. All of the grade III meningiomas had three or more whole chromosomal arm losses. In aggregate, grade I meningiomas had a median of 1.0 chromosomal arm loss per tumor, grade II tumors had 3.0 chromosomal arm losses, and grade III tumors had a median of 9.5 chromosomal arm losses per sample demonstrating a strong correlation of genomic losses with increasing grade. Pairwise Kruskal Wallis rank sum tests confirmed significant differences in chromosomal arm losses between grade I vs. II (p-value = 1.36 × 10 −5 ), grade II vs. III (p-value = 4.07 × 10 −3 ), and grade I vs. III (p-value = 1.39 × 10 −5 ).
From these data a pattern of molecular hierarchy is suggested in which increased aggressiveness of the meningiomas is caused by yet undetermined genes within the large chromosomal losses. The pattern of loss while not uniform reveals general patterns and reveals the relative importance of specific chromosomal loss events. Of the grade I tumors, the only recurring chromosome loss was the loss of chromosome 22q which was detected in 49% ( Figure 1B ). Grade II meningiomas displayed a higher frequency of chromosome 22q monosomy (85%), but additionally accumulated frequently recurring losses on 14q (60%) and 1p (55%). Grade III meningiomas acquired a much more diverse chromosome arm loss pattern but retained the core features of grade II tumors with frequent losses on 22q (75%), 1p (75%) and 14q (38%). Moreover, frequent losses of 18q (75%), 6q (63%), 10q (63%), 11p (50%), 7p (38%), and 4p (38%) were observed which were either not observed among the lower grades or were substantially more frequently appearing in the grade III tumors. The non-random nature of the chromosomal losses highlights these chromosomes for further genetic analysis in meningiomas, and implies that multiple genetic events are necessary in the generation of grade III meningiomas. Further, a common mutational mechanism is whole chromosomal arm loss implying the sequential loss of function of specific genes. Unfortunately, insufficient smaller chromosomal arm losses were observed to resolve the location of these genes. Moreover, there were no statistically significant associations detected between genetics and location (frontal, parietal, occipital, et al. etc) or side (left, right, bottom). In aggregate, these observations indicate a mutational hierarchy with chromosome 22q loss occurring as the primary event followed by chromosome 1p and/or 14q loss, and then mutations of genes on 18q, 6q, 10q, 11p, 7p, and 4p. The cumulative genetic mutations that lead to grade III histologic features and higher propensity for recurrence are thus multiple.
Molecular correlates of recurrent meningiomas
Given the retrospective nature of the current study and insufficient length of follow up of individual patients (post gross or sub-total resections), we are not able to comment meaningfully on true predictors of recurrence. However, we were able to compare tumors observed to be recurrent to those tumors at first presentation which identified a higher number of total chromosomal arm losses among recurrent tumors relative to newly diagnosed tumors (Kruskal wallis p-value = 7.7×10 −3 ). Only eight primary samples analyzed in this dataset were sampled from patients who had a later recurrence. None of the recurrent biopsies were available for analysis. After comparing these 8 primary samples with the remaining set of primary tumors that did not yet relapse, none of the specific chromosomal losses that we found among our recurrent tumors were determined to be significantly enriched among these eight primary tumors over the 17 primary tumors that did not recur (Fisher's exact test p-value > 0.05). These results suggest that chromosomal losses observed to be more common in the recurrent tumors may be acquired during disease progression rather than being present at the time of initial diagnosis.
Within our dataset and as expected, Ki-67 labeling was highly related to the WHO grade. Ki-67 expression is defined as percentage of positive cells. The mean and median expression of Ki-67 in WHO grade I was 0.27 and 0.17, respectively. The mean and median expression of Ki-67 in WHO grade II was 1.19 and 0.53, respectively. The mean and median expression of Ki-67 in WHO grade III was 5.21 and 3.25, respectively. There was a statistically significant difference between the Ki-67 expression across the three meningioma grades. Also as expected, there was a significant correlation between Ki-67 positivity and recurrence (n = 85 tumors, Kruskal-Wallis (chi-square = 11.9256, df = 1, p-value = 5.5×10 −4 ). High or medium Ki-67 expression was significantly more common in the recurrent tumors relative to the newly diagnosed meningiomas (n = 85 tumors, p-value = 4.0×10 −3 ). However, when Ki-67 levels were used to distinguish between grade II and grade III newly diagnosed meningiomas versus the recurrent meningiomas, Ki-67 expression failed to classify which of the grade II or III samples were recurrent meningiomas (p-value = 0.44). We use this as a proxy of the ability to classify recurrence status to search for evidence of underlying molecular mutations with recurrence. Based on chromosomal loss patterns, recurrent grade II and III meningiomas had an average of 8.3 chromosomal arm losses versus 3.9 chromosomal losses observed among grade II and III newly resected meningiomas (KruskalWallis p-value = 0.0077). Seven chromosomal arm losses were significantly more common in the recurrent meningiomas: 18q (Fisher's Exact two-tailed p-value = 0.0002), 6q (p-value = 0.0021), 10q (p-value = 0.0099), 16q (p-value = 0.017), 2p (p-value = 0.017), 14q (p-value = 0.017), and 18p (p-value = 0.03). In order to assess if the great increase in chromosomal anomalies in the recurrent samples were potentially due to artifacts of brain irradiation induced chromosomal loss, we compared recurrent tumors that had not received radiation with non-recurrent tumors not treated with radiation and identify that 6q loss was enriched in recurrent samples (p-value = 8.0 × 10 −4 ) and 14q loss was enriched in recurrent samples (p-value = 2.8 × 10 −3 ). This indicates that some of the genetic abnormalities in the recurrent tumors are not artifacts introduced by radiation. These data suggest that chromosomal arm loss of a series of specific chromosomes is a more reliable indicator of recurrence than Ki-67 staining.
To further explore the unique aspects of the recurrent meningiomas, we filtered genes that were differentially expressed between the recurrent tumors and those of comparable grade at first diagnosis. The recurrent samples significantly over-expressed four cell cycle genes (MLF1IP, CKS2, CDC2, and PRC1) (68 tumors, fold change ≥ 2.0, p-value ≤ 0.01, FDR 7.1%) while the newly diagnosed tumors significantly over-expressed 116 other genes ( Figure 2) . However, network analysis did not produce significantly enriched map elements nor networks consistent for any significant functional theme (significance threshold 0.01, pvalue = 0.05; Supplementary Information S2). Since Ki-67 is an excellent marker of proliferation, we also used the genome-wide expression data to search for genes correlated with Ki-67 levels in meningiomas. Ten genes were significantly over-expressed in the mid and high Ki-67 positive meningiomas which were significantly over represented with cell cycle related genes RRM2, NCAPG, MLF1IP, CCNB1, CKS2, CDC2, BUB1B, NUSAP1, and PRC1 (data not shown). Conversely, there were only three genes (FZD7, AASS, and C11orf41) that were significantly over-expressed in the low Ki-67 positive tumor samples.
Tumor chromosome 18q loss is more common in females with meningiomas than males
With the clinically observed higher frequency of meningiomas in females relative to males, we explored if there were any significant chromosomal loss differences in the tumors from females versus males. Chromosome 18q loss was detected in 8 of 16 females and 2 of 18 males in samples with a chromosomal deletion not solely restricted to 22 monosomy (Fisher's Exact test p-value = 0.02). These data may indicate alternate pathways of tumorigenesis in meningiomas dependent on the sex of the affected individual for yet undetermined reasons.
Gene expression analysis identifies five main types of meningiomas that correlate broadly with histological grade and chromosomal loss
Meningiomas are histologically quite varied in appearance even within histologic grades. We sought to identify underlying molecular themes in an unsupervised manner to reveal the complexity of meningiomas even within this modest sample set. For these analyses, we included all 68 samples for which gene expression data were generated. 1,316 genes were produced from the high CV (≥ 1.0) filtering criteria for expression values greater than the lowest quartile in 20 percent or more of the samples. Unsupervised clustering of the 68 meningiomas revealed three branches of samples organized by their gene co-expression in a hierarchical clustering dendrogram. The first two sample branches revealed highly cohesive expression clusters, while the third sample branch was more heterogeneous and the samples only loosely related to each other. Thus, we reanalyzed the samples in the third branch by hierarchical clustering of probesets that had high CV (≥ 0.8) with expression values greater than 20 in at least 20 percent or more of these samples. Three distinct hierarchical subgroups were identified within this third branch based on gene expression. The first two sample branches are labeled "group 1" and "group 2", while the remaining three sample branches are labeled "group 3", "group 4", and "group 5". An aggregate set of 355 probesets (302 genes) were identified (Supplementary Information S3) and combined to form a five group expression signature panel ( Figure 3A) . In order to determine how the 302 genes from our 5 group expression panel compared to previously published studies, we found that 26/55 genes up-regulated in grade III over grade I meningiomas from Carvalho et al were found among our 5 group expression classifier (hypergeometric p-value = 0.01) (Supplementary Information S3). In addition, 24/62 genes down-regulated in grade III over grade I meningiomas were also found among our 5 group expression classifier (hypergeometric pvalue = 0.0096). Carvalho et al did not identify specific grade II meningioma expression signatures over grade I or grade III tumors due to what they explained as heterogeneity amongst grade 2 meningioma genomic expression. We concur that grade II meningiomas display broad expression heterogeneity as the majority of our grade 2 meningiomas (9/14 = 64%) comprise the bulk of expression groups 3, 4, and 5 which prompted our ad hoc secondary analysis. To further confirm the presence of five gene expression based groups among meningiomas, we collected publicly available meningioma microarray samples to see if our 302 differentially expressed genes could identify the 5 meningioma groups in other studies. 87 additional meningioma microarrays of varying grades (WHO I = 32, WHO II = 20, WHO III = 3, WHO unknown = 32, Supplementary Information S1) were collected from two separate institutional studies (GEO accession GSE4780 and GSE9438) and clustered with our samples based on the five group 302 gene panel. Hierarchical agglomerative clustering was able to confirm the presence of five distinct expression groups (Supplementary Information S6).
The 5 gene expression based meningioma groups correspond with histological grade (Kruskal Wallis p-value = 3.6×10 −3 ), however, samples did not track precisely with ascending grade and ascending gene expression group assignment ( Figure 3B ). Expression groups 1 and 2 were predominantly populated by grade I samples (30/42), while group 3 was much more heterogeneous and highly enriched in grade II and grade III tumors (17/23). In particular, group 1 consisted solely of grade I tumors (WHO I: 100%), while group 2 contained grade I tumors by a large majority (WHO I: 84%) in addition to minor amounts of higher grade samples (WHO II: 11%, WHO III: 5%). Group 3 was more heterogeneous with respect to histological grade as it contained fewer grade I tumors than in groups 1 and 2 (70% vs. 100% and 84%, respectively) and more grade II (20%), and grade III (10%) meningiomas. Group 4 predominantly contained grade II meningiomas (58%) and minor populations of grade I (33%) and grade III (8%) tumors. Finally, group 5 had the largest proportion of grade III meningiomas (18%) and a substantial number of grade I (47%), and grade II (35%) tumors. Thus, while a trend was evident, there was no perfect correspondence of higher grade tumors with the gene expression categories (Supplementary Information S1). However, while there existed no significant correlation between ascending gene expression categories with age (Kendall's rank correlation p-value = 0.86), a significant correlation was found with ascending gene expression categories and gender. Lower gene expression categories appeared to demonstrate bias towards female tumor enrichment while male tumors appeared more frequently in higher gene expression categories after controlling for initial gender selection bias (group 1 (female:male ratio = 2:1), group 2 (female:male ratio = 3:1), group 3 (female:male ratio = 1:1.6), Kendall's rank correlation p-value = 0. 01).
Metacore network pathway analysis identified 30 significant networks among the 168 genes distinctly expressed in groups 1 and 2 with the 129 genes distinctly expressed in group 3 (Hypergeometric p-value range: 2.04 × 10 −39 to 9.69 × 10 −4 , Supplementary Information S3). Almost one quarter of these networks (23%) were found to involve a kinase signaling pathway where group 1 and 2 meningiomas were found to express a different set of kinase pathway members (MYLK, PRKD1, NTRK2, ROR1, TNIK, and PRKG1) than those expressed by group 3 meningiomas (EPHA3, DCLK1, PDK1, MET, EPHA7, INSR, and ABP1). Moreover, the remaining 23 networks demonstrated GO processes spanning cancer related themes: regulation of cell death (11/50, hypergeometric p-value = 8.7 × 10 −8 ), regulation of cell proliferation (20/50, p-value = 3.5 × 10 −15 ), developmental regulation: anatomical structure morphogenesis (11/50, p-value = 1.5 × 10 −11 ), nervous system development (22/50, p-value = 1.2 × 10 −6 ), organ development (8/50, p-value = 8.8 × 10 −19 ) and several metabolic processes: protein amino acid O-linked glycosylation via threonine (7/50, p-value = 1.8 × 10 −3 ), regulation of adenylate cyclase activity (14/50, pvalue = 1.7 × 10 −10 ), and fatty acid biosynthetic process (11/50, p-value = 2.6 × 10 −8 ).
The expression based groups also clustered all of the recurrent meningiomas among group 3 (Fisher's exact p-value = 3.0×10 −4 ) however, this is likely due to the preponderance of higher grade tumors clustering among this expression group as 8/9 recurrent tumors were grade II or grade III from the outset. Between the five gene expression based groups, the chromosomal loss patterns observed across the groups were strikingly different (Figure 4) . In aggregate, the median number of chromosome arms lost per group was significantly smaller in groups 1 and significantly higher in group 3 than the others (group 1 = 0, group 2 = 1.0, group 3 = 2.5, group 4 = 2.5, and group 5 = 6.0; Kruskal-Wallis rank sum test p-value = 1.2×10 −3 ).
Combined use of gene expression data and chromosomal loss data to identify potential tumor suppressors
We attempted to use the combined SNP/gene expression data to suggest candidate tumor suppressor genes within the more commonly deleted chromosomes other than chromosome 22. First, we determined the minimal regions of common loss on the commonly deleted chromosomal regions among the grade III samples, the grade III and II samples, and grade II and grade I samples using the "minimal loss rank ordering" and "drill down" features systematically with Nexus copy number analysis software. Shared minimal loss regions were easily identified through Nexus' output files (Supplementary Information S4) . We then hypothesized that the causative genes that are mutational targets are more likely to be downregulated in expression either by mutations on the non-deleted chromosome (that would lead to a premature stop and lower the mRNA abundance through nonsense mediated decay) or by smaller scale deletions/mutations invisible by the SNP arrays that lead to complete lack of the mRNA. Using this combination approach, we highlight a series of genes within the chromosomal regions more frequently deleted in the grade III tumors (Supplementary information S4). As an example, the minimal region of loss on 11q (11q23.1-q23.2) contains 42 genes. However, only one of these genes, TIMM8B was lower in expression in the 3 deleted samples than in the other non-deleted grade III tumors. No mutations of this gene in meningioma have yet been described. Similarly, 20p was deleted in 3 of the grade III tumors and contained 21 genes, but only one, C20orf7, was down-regulated in the grade III samples relative to the lower grade samples. Using this approach to search for mutated genes, we looked at genes that may be highlighted by comparing chromosome losses between expression group profiles which highlighted CDC14A at 1p21 in a deleted interval between 1p36.13-1p36.11. Decreased expression of CDC14A was identified from comparing expression differences among the 44 genes at this locus between group 4 and 5 samples carrying the deletion (12/17) and group 4 and 5 samples (5/17) lacking the deletion. This is an attractive candidate tumor suppressor in meningiomas based on previously published functional data (18) .
Identification of meningioma specific genes
The determination of five separate expression-based subclasses and the tremendous variability of chromosomal losses between meningiomas analyzed here highlight the diversity of molecular types of meningiomas and prompted us to determine if there were features shared in common across all meningiomas relative to other brain cancer types and normal brain and non-brain tissues. We thus compared the 65 meningioma expression samples to available data from 533 other expression samples which consisted of various glioma samples from prior published work of ours and other colleagues (7, 20, 21, 26, 28, 31) , which are available and co-normalized within the Celsius database. Comparing meningiomas to this panel of 389 gliomas and 144 normal tissues revealed a large set of genes, which can robustly differentiate all of the meningiomas from any of the other neoplastic and non-neoplastic tissues. There are a surprisingly large number of genes (n = 4,912) that were identified as higher expressed in meningiomas than in normal tissues and gliomas (fold change = 2.0, p-value = 0.05) with an overall FDR of 0.1%. In order to identify genes strongly and specifically correlated with meningiomas, regardless of grade, genes were filtered based on a fold increased expression in meningiomas of at least 10 and p-value less than 0.001. These criteria identified 130 highly meningioma specific genes (FDR 0%) relative to all of the other tissues (Supplemental Information S5). These genes were consistently expressed across all 65 meningiomas indicating many common features of the histologically and genetically diverse panel of meningiomas ( Figure 5 ). To better characterize this observation, these genes were analyzed to identify enriched biological themes using the network analysis mining tool available through MetaCore. 130 MetaCore objects were recognized and thirteen annotated map themes contained statistically significant ontological terms among these genes. Prominent themes consisted of Development: WNT signaling pathway (5/53 map objects; hypergeometric p-value = 1.69 ×10 −2 ), cytoskeleton remodeling: role of PDGFs in cell migration (3/21 map objects; pvalue = 2.12×10 −2 ), and GTP metabolism (4/40 map objects; p-value = 2.66 ×10 −2 ). Finally, transcripts that encoded known secreted proteins were identified as potential targets for blood based diagnostics and are listed in Supplementary Information S5.
DISCUSSION
Meningiomas, like many histologically defined tumors, are not a homogeneous set of cancers. Meningiomas vary in histological characteristics, chromosomal aberration profiles, and gene expression programs. Histologically, while meningioma lesions are categorized into three WHO grades, there are fifteen histological variants of meningiomas spread across the three grades (WHO I: 9 subclasses; WHO II: 3 subclasses; WHO III: 3 subclasses) (29) . By our molecular analyses it is evident that there are three to four subpopulations of WHO I meningiomas based on their various chromosomal loss profiles: a majority that does not experience chromosome deletions by the time of surgical resection, a secondary population with 22 monosomy alone, a group that loses 22q in conjunction with 1p, and a group that loses chromosome 1p but not 22q. Karyotypic abnormalities are also known to be more extensive in atypical and anaplastic meningiomas, which is supported by our data (1). For instance, only 10% of the grade II meningiomas had no detectable aneuploidy while 44% of the grade I samples had no aneuploidy. All grade III tumors had multiple whole chromosome arm losses. The genome-wide SNP assessment is generally concordant with previous reports which indicate that the most frequent losses in grade II tumors are 22q, 1p, 6q and 18 followed by 6p and 14q in that order (12, 22) . However, in our dataset of grade II tumors, we observe a different rank order where 22q deletions remain the most frequent genetic aberration (85%), followed by 14q (60%), 1p (55%), 6q (25%) and 18q (20%). Thus, chromosomal scale abnormalities are a major mechanism of mutation in meningiomas, but with unclear basis at the individual gene level at this time.
In order to provide insight at the individual gene level, we used the whole genome expression data to identify expression patterns in meningiomas of different grade and with different chromosomal loss patterns, and note that these categories correspond well with recurrent or non-recurrent meningioma and thus we propose that an expression based classifier may ultimately be able to better identify which meningiomas are more likely to recur, but these studies will require prospective analysis of individual patient samples at the time of initial diagnosis with sufficient follow up such that the observed chromosomal losses would be detected at recurrence.
The integration of high resolution chromosome loss data with whole genome expression data provides the opportunity to explore these joint datasets to highlight potential tumor suppressor genes in loss regions in which the candidate genes on the remaining allele have been silenced either through inactivating mutations, epigenetic silencing, or nonsense mutations that lead to lower mRNA abundance. We suggest a series of genes that may act as tumor suppressors based on their location within commonly lost genomic intervals and decreased expression in subsets of the meningiomas. For instance, within the common loss regions in the grade III tumors, two of the down-regulated genes TRIB2 (2p25.1-p24.3) and ADI1 (2p25.3) may contribute to the malignancy of grade III meningiomas by evading apoptosis. TRIB2 and ADI1 are pro-apoptotic molecules whose normal expression induces apoptosis (15) . However, ADI1 is an invasion suppressor that has been seen to be downregulated in tumors (34) . Further, CDKN1C (cyclin-dependent kinase inhibitor 1C (p57, Kip2)) (11p15.5) is a noteworthy tumor suppressor candidate in meningioma based on the genetic experiments performed here. Decreased expression of CDKN1C has been associated with the occurrence and progression of pancreatic cancer (37) . However, the mechanism for decreased expression detected in the meningiomas warrants further study as decreased expression has been reported due to aberrant methylation in lung, breast, and malignant mesotheliomas (11) and de novo mutations in sporadic cancers in Beckwith-Wiedemann syndrome.
CONCLUSIONS
Our analysis assembled the largest set of biopsied meningiomas for combined whole genome copy number and expression studies to date. Whole genome copy number arrays with over 100,000 SNPs per microarray on 85 patient unique biopsies identified a comprehensive series of large scale chromosomal deletions which occurred increasingly in higher grade samples with varying profiles. The combination of this data highlights various genes of interest and provides a clearer picture of the molecular landscape of meningiomas.
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WHO
World Health Organization Recurrent meningiomas (n = 8) were compared against newly diagnosed meningiomas with a 2.0 fold difference and a significance threshold of p-value = 0.01 which found 120 unique genes with a FDR of 6.9%. Genes and samples were hierarchically clustered and the relative gene expression values were plotted in color. Red is increased expression relative to the overall set of samples and green is lower expression relative to all of the samples. Header tracks: WHO grade I (yellow), grade II (blue), and grade III (red). Meningioma five group class: group 1 (yellow), group 2 (green), group 3 (blue), group 4 (purple), and group 5 (red). Recurrence status: newly diagnosed meningioma (codified value = 0), recurrent meningioma (codified value = 1). Ki-67 mean: low Ki-67 labeling (codified value = L), midrange (codified value = M), and high (codified value = H),The color bar below maps the relative differences in expression converted to log base 2 values. Directed comparison of all meningioma samples relative to combined glioma and normal tissues identifies meningioma specific genes. Normal tissues (n = 144) and gliomas (n = 389) were compared against meningiomas (n = 65) with a 10.0 fold and significance threshold p-value = 0.01 which found 130 unique genes expressed in meningiomas with a FDR of 0.0%. Header track: normal tissue (green), gliomas (blue), and meningiomas (red).
